Although knowing the occurrence frequency of severe space weather events is important for a modern society, it is insufficiently known due to the lack of magnetic or sunspot observations, before the Carrington event in 1859 known as one of the largest events during the last two centuries. Here, we show that a severe magnetic storm minimum Dst of −589 nT). Assuming that the equatorward boundary is a proxy for the scale of magnetic storms, we presume that the storm on March 1582 was severe. We also found that the storm on March 1582 lasted, at least, for three days by combining European records. The auroral oval stayed at mid-latitude for the first two days and moved to low-latitude (in East Asia) for the last day. It is plausible that the storm was caused by a series of ICMEs (interplanetary coronal mass ejections). We can reasonably speculate that a first ICME could have cleaned up interplanetary space to make the following ICMEs more geo-effective, as probably occurred in the Carrington and Halloween storms.
INTRODUCTION
Studies on extreme space weather events are of significant importance for modern society, which is increasingly dependent on technological infrastructures (Daglis 2000 (Daglis , 2004 Baker et al. 2008; Hapgood 2011; Riley et al. 2018) . To date, the magnetic storm on 13/14 March 1989 with a minimum Dst value (−589 nT) is the largest one since 1957, when the measurement of Dst index was started (Sugiura 1964; Sugiura & Kamei 1991) . The storm on 13/14 March 1989 caused not only an auroral display at low magnetic latitudes (MLATs), but also a serious blackout in Québec (Allen et al. 1989; Bolduc 2002 ).
Arguably, the Carrington event in September 1859 is considered as one of the greatest magnetic storms in observational history, because of the extreme equatorward extension of its auroral oval and the magnetic disturbances at low latitudes (Tsurutani et al. 2003; Cliver & Svalgaard 2004; Green & Boardsen 2006; Silverman 2006; Siscoe, Crooker & Clauer 2006; Cliver & Dietrich 2013; Lakhina & Tsurutani 2016; Hayakawa et al. 2016a Hayakawa et al. , 2018d . Indeed, the Carrington storm even caused a serious disturbance in the low technology telegraph systems of North America and Western Europe (Boteler 2006; Muller 2014) .
Thus, recent studies warn us that the great magnetic storms, such as Carrington storm, would be catastrophic to the modern society (Baker et al. 2008; Hapgood 2011) .
A question arises of how often a Carrington-class storm occurs. Statistical studies show us that a Carrington event seems to be a once-a-century event in terms its geomagnetic disturbance and solar flare effect (Riley 2012; Riley & Love 2017; Curto, Castell & Del Moral 2016) . However, historical evidence suggests that extreme events of similar scale have occurred even more frequently (Kappenman 2006; Cliver & Dietrich 2013; Silverman & Cliver 2001; Silverman 2008; Hayakawa et al. 2018b Hayakawa et al. , 2018d ).
Due to its importance and rarity, the temporal coverage of data is insufficient.
Systematic magnetic observation starts only after the mid-19th century (Nevanlinna 2006; Araki 2014; Lockwood et al. 2018a Lockwood et al. , 2018b and sometimes suffers off-scale measurements during extreme events (Boteler 2006; Love, Hayakawa & Cliver 2019; Hayakawa et al. 2019a) . Telescopic sunspot observation is considered to be one of the longest ongoing experiments in human history, but measurements span only four Great Magnetic Storms in 1582 Monthly Notices of the Royal Astronomical Society, doi: 10.1093/mnras/stz1401 3 centuries since 1610 (Vaquero & Vázquez 2009; Owens 2013; Clette et al. 2014; Vaquero et al. 2016 ).
To overcome this issue, the equatorward boundary of auroral oval can be used for a proxy measure of the strength of magnetic storms (cf. Yokoyama, Kamide & Miyaoka 1998) . Auroral records and drawings let us trace back the history of magnetic storms to 771/772 and even 567 BC (Stephenson, Willis & Hallinan 2004; Hayakawa et al. 2016b Hayakawa et al. , 2017b , and examine cases of space weather events in ancient to medieval epochs (Usoskin et al. 2013; Hayakawa et al. 2017a Hayakawa et al. , 2017b Hayakawa et al. , 2019b Stephenson et al. 2019) .
Because an aurora is a global phenomenon, simultaneous auroral observations at different sites (different latitudes and longitudes) can be used to distinguish the aurora from other, local phenomena (Willis Stephenson & Singh 1996; Willis & Stephenson 2000; Hayakawa et al. 2017a Hayakawa et al. , 2017d Hayakawa et al. , 2018a cf. Silverman 2003; Vaquero et al. 2008; Hayakawa et al. 2018c) .
In this paper, we focused on the auroral records of March 1582. Willis & Stephenson (2000) identified simultaneous records in Japan and China for this period.
We extended their study with new records and compared them with other records in Western Europe. By computing MLATs of the observing sites, we estimated the equatorward boundary of the auroral oval using information about colour and elevation angle of the aurorae.
METHOD
We surveyed contemporary historical documents in the early half of March 1582 in East Asia. We consulted the official histories, imperial records, and local treatises in China, imperial records and personal diaries in Korea, and diaries and chronicles in Japan (cf.
Appendix 1 for a bibliography). We identified these observing sites and computed the MLAT at that time based on the contemporary location of the magnetic north pole (N85°25′, W34°30′) according to the archaeomagnetic field model Cals3k.4b (Korte & Constable 2011) . We then compared the results with other European records in this epoch. & Stephenson (2000) used one Chinese report and two Japanese reports from 8
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March 1582. Here, we surveyed two Chinese reports (Beijing Observatory 1988) , two Figure 1 . In this epoch, the number of the local reports had become larger than that of the official histories. The authorized historical documents consist of imperial chronicle, biographies of nobles and notables, treatises, tables, and so on (Willis & Stephenson 2000; Lee et al. 2004; Hayakawa et al. 2017c ). We also surveyed 39 reports from Western Europe listed in Table 2 . Their bibliographic details are given in Appendices 1 and 2 and their geographical locations are shown in Figures 2 and 3 .
We identified the observing sites according to the location of their authors at that time, unless the observing sites are explicitly clarified in the text. As to diaries, the described events were mostly those observed by the authors themselves, and hence associated with the place where the author lived at that time. Willis & Stephenson (2000) assumed that the two Japanese observations were made on Honshu Island, based on Kanda (1935) . Because Honshu is ~1,500 km long, a more specific identification is required to estimate the equatorward boundary of the auroral oval. By surveying the original historical documents, we identified the specific locations of the observing sites of Figures 2 and 3.
EQUATORWARD EXTENSION OF AURORAL OVAL ON 8 MARCH 1582
IN EAST ASIA
As shown in Table 1 , the observing sites of the aurora in East Asia on 8 March 1582 are distributed from 28.8° MLAT (J07, Búngo) to 35.6° MLAT (C01). To identify the equatorward boundary of the auroral oval, we need the MLAT of the observing site as well as the elevation angle of the aurora. Investigating the original description in detail, we found the following reports with information of elevation angle: 'there were many stripes in vermillion colour extending over half of the upper sky' (J05; N34°41′ E135°50′, 30.2° MLAT), 'they were reddish and bluish, and disappeared after arriving southward at the dawn' (K01; N36°41′ E128°25′, 32.3° MLAT), and 'red and white cloud vapour surrounded half of the heaven' (C01; N38°56′ E100°27′, 35.6° MLAT).
Interpreting these records literally, we can reasonably consider that the aurorae extended equatorward at least beyond the zenith at each observing site.
Based on the MLAT of observing sites and the elevation angle, we can estimate their equatorward boundaries in terms of invariant latitudes (ILATs) (cf. Figure 4 ).
ILAT Λ is used to label a magnetic field line (O'Brien et al. 1962) , and is given by
where L is McIlwain's L-value (McIlwain 1961) . MLAT λ is given by
where R and a are the radial distance from the centre of the Earth, and the radius of the Earth, respectively (cf. Hayakawa et al. 2018b Hayakawa et al. , 2018c Hayakawa et al. , 2019a . ILAT has the same value along the magnetic field line labelled by L. For a dipole magnetic field, ILAT is the same as MLAT on the ground (where R = a). From the descriptions in J05, K01 and C01, it is reasonably supposed that the aurora reached the zenith. From the equations (1) and (2), with MLAT at the observing site (λ 0 ), the upper limits of ILATs (Λ) of the aurorae seen at J05, K01 and C01 are calculated to be 33.0°, 34.9°, and 37.9°, respectively. Here, the magnetic field and the height of the aurorae (h) are assumed to be the dipole and 400 km, respectively (Silverman 1998; Ebihara et al. 2017 ). The different ILATs may be attributed to temporal and spatial variations of the auroral oval.
According to the Korean record (K01) and the Chinese record (C01), the aurora consists of reddish, bluish, and whitish colours. Therefore, these two records likely describe an aurora arising from precipitation of energetic particle rather than a stable red auroral (SAR) arc (cf. Kozyra, Nagy & Slater 1997; Shiokawa, Ogawa & Kamide 2005) .
The SAR arc is thought to be a response of the upper atmosphere to electron heat flows, or precipitation of electrons with very low energies (Cole 1965) . When temperature of the thermal electrons is very low, they cannot excite the oxygen atoms to the 1 S state, which is necessary to emit photons at 557.7 nm (green line) because the number of electrons with energy ≥ 4.12 eV is very low (Kozyra et al. 1997) . The thermal electrons excite the oxygen atoms to the 1 D state efficiently, giving rise to the emission at 630.0 nm (red line) selectively. The presence of the colour other than red is used to distinguish auroral phenomena from the SAR arc (Shiokawa et al. 2005) .
As for the Japanese record (J05), only the reddish colour is described. However, based on the ray structure described, it is believed the Japanese record also describes an aurora. This is because SAR arcs are less structured. Stripes with reddish colour are often observable at low MLATs during large magnetic storms, such as the storm on 17
September 1770 (cf. Figure 1 of Hayakawa et al. 2017d) . Therefore, we consider that ILAT (J05).
AURORAL OBSERVATIONS ON 6-8 MARCH 1582 IN EUROPE
During the same night, auroral displays were also reported in Europe ( Stephenson (2000) based on Link (1962) and Fritz (1873) . According to the newly re-discovered reports (E21, E31-E33), the aurora was also visible on 7 March, meaning that the aurora was successively visible at least for 3 nights in Europe ( The MLATs derived from European sources show much higher value (~ 50-55°) than those from East Asian sources (~ 30-36°). There are two possible reasons. The first reason is the temporal variation of the auroral oval. The auroral oval expands equatorward during the storm main phase, and contracts during the storm recovery phase. The main phase usually lasts 1 to a few hours (Gonzalez et al. 1994) . Therefore, it is highly plausible that the storm main phase took place when the East Asian sector was in darkness, and that the storm main phase ended when the European sector was in darkness. During the 1909 space weather event, the low latitude aurorae were mostly reported from Japan and Australia, due to its appearance around 12-20 UT, corresponding to the main phase of the associated magnetic storm (cf. Figure 6 also shows a drawing of the aurora (E10), which shows only the vertically-extended ray structure. The shape of the aurora is different from that shown in Figure 5 . The difference may come from the temporal variation of the auroral oval.
SCALE OF THE MAGNETIC STORM OF 6-8 MARCH 1582
We estimate that the equatorward boundary of the auroral oval extended down to ~33.0°
ILAT. Since the equatorward boundary of the auroral oval is well correlated with the Dst index (Yokoyama et al. 1998) , it can be used as a proxy for the measure of the strength of magnetic storms. The equatorward boundaries estimated in this study are March 1989. Therefore, the formulae may be ambiguous for extreme magnetic storms.
We conservatively consider that the minimum Dst value of the magnetic storm on 8
March 1582, at least, is comparable to those on the storm on 13/14 March 1989 (−589 nT) and the storm on 25/26 September 1909 (−595 nT) (Love et al. 2019; Hayakawa et al. 2019a ).
We also show that the aurora was visible at low-and mid-latitudes for three to make the following ICMEs more geo-effective (Gopalswamy et al. 2005a (Gopalswamy et al. , 2005b Gopalswamy 2018; Lefèvre et al. 2016; Shiota & Kataoka 2016) and to have triggered 'perfect storms' by their combined effect (Lefèvre et al. 2016; Hayakawa et al. 2017d Hayakawa et al. , 2018d Liu et al. 2019) . Likewise, the ICME that caused the magnetic storm on 28/29
August 1859 probably cleaned up interplanetary space, allowing the following ICMEs to travel without much deceleration, and producing the Carrington storm on 1/2 September (Hayakawa et al. 2018d ). Therefore, we can reasonably infer that the preceding ICME(s) caused auroral displays on 6/7 March 1582 at mid-latitudes (in European sector) and cleaned up the interplanetary space to allow the following ICME(s) to cause the magnetic storm on 8 March 1582 with its auroral display visible down to ~33.0° ILAT, on the basis of case studies of similar space weather events.
CONCLUSION
In this paper, we examined auroral records of March 1582 in East Asia and Europe. We 
